INTRODUCTION
The report of the 1995 World Health Organization/International Society and Federation of Cardiology Task Force on Cannabidiol Limits T Cell-Mediated Chronic Autoimmune Myocarditis: Implications to Autoimmune Disorders and Organ Transplantation divided into four experimental groups, namely control (CTL) (vehicle treated; n = 11), CFA treated (CFA treated with vehicle; n = 10), experimental autoimmune myocarditis (EAM treated with vehicle; n = 16) and CBD-treated EAM (EAM + CBD; n = 12).
Drug Treatment
CBD was extracted as previously described (21) and was dissolved in physiological saline vehicle solution containing Tween-80 and dimethyl sulfoxide in a ratio of 1:1:18. Animals were treated daily either with vehicle or CBD (10 mg/kg) intraperitoneally. Drug treatment was initiated from d 1 to 46. Body weight of the animals were recorded daily, and CBD doses were adjusted accordingly.
Hemodynamic Measurements
On d 46, left ventricular (LV) performance was assessed under 1-2% isoflurane by using a pressure-conductance microcatheter system (MPVS-Ultra, Millar Instruments) coupled with PVR-1045 P-V microcatheter (Millar Instruments) as described previously (22) . Ejection fraction, maximal slope of systolic pressure increment (dP/dt max ) and cardiac output were assessed as systolic and left ventricular end-diastolic pressure (LVEDP), and time constant of LV relaxation (Tau; according to Weiss method) was calculated as diastolic parameters. The slope of the LV end-systolic pressure-volume relationship (ESPVR) and the preload recruitable stroke work (PRSW) were used as load-independent LV contractility indices, and the slope of the LV end-diastolic pressure-volume relationship (EDPVR) was determined as an index of LV diastolic stiffness.
Gene expression Analysis
After the hemodynamic measurements, heart was excised and snap-frozen in liquid nitrogen. Total RNA was isolated from homogenated LV myocardium using TRIzol reagent ( Invitrogen) according to the manufacturer's instructions. To remove genomic DNA contamination, RNase-free or hypoxia-ischemia induced brain injury (18) . Because of the success of the preclinical studies, CBD has become a widely investigated drug in different clinical settings. To date, 80 clinical trials investigating the effects of CBD in various autoimmune and neurological disorders, and in graft versus host disease, have been cited on www.clinicaltrials. gov. CBD is approved in 27 countries as an oromucosal spray (Sativex) to treat spasticity in multiple sclerosis and was granted Orphan Drug Designation by the U.S. Food and Drug Administration (FDA) (Epidiolex) for the treatment of Dravet and Lennox-Gastaut syndromes.
In this study, we investigated the effects of CBD on myocardial inflammation, remodeling and dysfunction in an animal model of experimental autoimmune myocarditis (EAM).
MATeRIALS AND MeTHODS

Animals
The investigation was performed according to the Guide for the Care and Use of Laboratory Animals (National Research Council of the National Academies, 2011, 8th edition, Washington, DC: National Academies Press) and was reviewed and approved by the Institutional Animal Care and Use Committee. Forty male A/J mice (The Jackson Laboratory) weighing 18-22 g were housed in the animal facility of NIAAA and received standard laboratory diet and water ad libitum.
Induction of eAM and experimental Groups
The myocarditogenic MyHCα 334-352 (amino acid sequence: DSAF DVLS FTAE EKAG VYK) (19) (Genscript) was used to induce EAM in our animals, as described previously (20) . Briefly, on d 0 and 7, mice were treated subcutaneously (axillary region) with 100 μg MyHCα 334-352 emulsified in Freund's complete adjuvant (CFA) (Sigma-Aldrich) supplemented with heat-killed Mycobacterium tuberculosis H37Ra. On d 0, mice were given 500 ng pertussis toxin intraperitoneally (List Biologicals). Animals were fully recovering to death or chronic heart failure, depending on the clinical phase, signs and parameters and on the patient's response to the applied medical treatment (3) . In the pathogenesis of chronic myocarditis, autoimmunity plays a crucial role. Lv et al. (6) showed that α myosin heavy chain (MyHCα) is not expressed in the thymus of mice and humans; thus, the CD4 + T-cell population does not undergo negative selection regarding to MyHCα specificity (6) . In different pathologies where the heart is injured (microbial infections, toxins, ischemic infarction and so on), the dendritic cells residing in the cardiac draining lymph nodes become activated and start to present MyHCα to naive T cells specific for MyHCα. In the pathogenesis of autoimmune myocarditis (in mice or humans), these T lymphocytes play a leading role either by their direct cytotoxic effects or by inducing B cells to produce pathogenic antibodies (7), leading to necrosis, oxidative stress, fibrotic remodeling and myocardial dysfunction (8) (9) (10) . Although, a wide range of specific and nonspecific drugs could be used to treat myocarditis on the basis of etiology, the conventional immunosuppressive and heart failure therapies often provide partial and/or unsatisfactory results. Because of the high tendency of toxicity and adverse effects of immunosuppressive therapy and the lack of clinical trials focusing on the treatment of myocarditis, the medical treatment regimen is still limited and new treatment options are needed (3) .
Cannabidiol (CBD) is a nonpsychoactive ingredient of marijuana (Cannabis sativa). Although CBD is considered a biologically inactive molecule (11, 12) , it was reported to exert cytoprotective effects in various preclinical models and was shown to be safe in patients (13) . Several preclinical studies described the protective effect of CBD in diseases associated with increased oxidative stress, inflammation and cell death such as in colitis (14) , diabetic complications (15), drug-induced nephrotoxicity (16) , alcohol-induced steatohepatosis (17) remodeling. Fibrotic area was quantified using ImageJ software (NIH). 3-NT immunohistochemistry was performed as described previously (15 
Statistics
Data are expressed as means ± standard error of the mean. Normal distribution was examined by Shapiro-Wilk test. Statistical significance among study groups was tested by ANOVA with Tukey post hoc test or Kruskal-Wallis ANOVA with Dunn post hoc test appropriately using GraphPad Prism 6 software. P <0.05 was considered statistically significant.
ReSULTS
CBD Attenuates Inflammation in eAM
First, we studied the effect of EAM and CBD treatment on the histological structure of the myocardium in our animals. Experimental autoimmune 4-Hydroxynonenal (4-HNE) content was measured by the OxiSelect™ HNE Adduct Competitive ELISA Kit (Cell Biolabs) as described in the manufacturer's instruction. 3-NT and 4-HNE values are presented as fold changes compared with CTL.
Histology and Immunohistochemistry
Hearts were excised and fixed in 4% phosphate-buffered formalin and embedded in paraffin. LV myocardial sections (5 μm) were stained with hematoxylin and eosin (H&E) to examine histological characteristics and inflammation. Myocarditis severity was evaluated as described previously (24) by two independent investigators blinded to the study groups. Masson trichrome and Sirius red staining were performed on LV sections (5 μm) to assess fibrotic DNase (Ambion, Thermo Fisher Scientific) was applied, and total RNA was reversetranscribed by using a high-capacity cDNA Reverse Transcription Kit ( Applied Biosystems). Real-time polymerase chain reaction (PCR) for target genes (Tables 1, 2 ) was performed by using Syber Green Master Mix (Applied Biosystems) and an HT7900 (Applied Biosystems) PCR system as described previously (23) . Relative gene expression quantification was calculated by the comparative CT method. Data were normalized to the housekeeping gene β-actin.
Determination of Myocardial 3-Nitrotyrosine and 4-Hydroxynonenal Contents
3-Nitrotyrosine (3-NT) was measured by the Nitrotyrosine ELISA kit (Hycult Biotechnology) according to the manufacturer's instruction. 
CBD Protects against Fibrotic Remodeling of the Myocardium in eAM
The excessive inflammation in EAM was associated with the extreme fibrotic remodeling of the LV myocardium application of CBD ( Figure 4A ). 3-NT and 4-HNE content of the LV was significantly increased in the LV of EAM animals ( Figures 4B, C) , which was markedly reduced by CBD treatment (Figures 4B, C) . myocarditis induced by application of MyHCα 334-352 was associated with inflammation, necrosis and mononuclear infiltration of the LV myocardium evidenced by H&E staining (myocarditis score: CTL: 0.16 ± 0.06 versus EAM: 3.6 ± 0.4, P < 0.05) ( Figures 1A, B) . CBD treatment largely decreased the inflammatory cell invasion and necrosis in EAM myocardium on d 46 on the H&E-stained sections (myocarditis score: EAM + CBD: 1.4 ± 0.2, P < 0.05) ( Figures 1A, B) . Second, we investigated the gene expression of different inflammatory cell markers and proinflammatory chemokines/cytokines in the LV. We observed increased gene expression levels of T-cell markers CD3a, CD3g, CD4, CD8a, monocyte and dendritic cell marker Itgax 
CBD Attenuates InflammationAssociated Oxidative Stress Markers in eAM
Secondary, as a consequence of inflammation, we also investigated the presence of oxidative stress in the myocardium of EAM animals. We observed significant upregulation of NADPH oxidase isoform p47phox in EAM compared with the CTL group ( Figure 4A ). CBD treatment reduced the mRNA expression of p47phox ( Figure 4A ). We also found significant downregulation of sarco/endoplasmic reticulum ATPase2a2 (SERCA) (Figure 4A Figure 5A ) and Sirius red staining ( Figure 5C ). Quantification of the Sirius red-stained sections ( Figure 5D ) (CTL: 1.4 ± 0.2 versus EAM: 7.6 ± 0.8, percent of fibrotic area) and upregulation of the myocardial Col1a ( Figure 5B ) confirmed the significant fibrotic remodeling in EAM compared controls. CBD treatment dramatically protected against fibrotic remodeling of the heart (percent of fibrotic area in EAM + CBD: 2.9 ± 1.4) ( Figure 5 ).
Impact of CBD on Myocardial Dysfunction and Body Weight in eAM
In comparison with the CTL group, we observed a significant decrease in ejection fraction, cardiac output and dP/dt max suggesting impaired systolic function ( Figure 6A ). The load-independent cardiac parameters such as ESPVR and PRSW showed a significantly impaired contractility in myocarditis ( Figures 6A, B) . In addition to impaired systolic function, we found markedly increased Tau and 
DISCUSSION
Myocarditis is a major cause of dilated cardiomyopathy and subsequent chronic heart failure leading to arrhythmias, sudden cardiac death and cardiac transplantation (3). Among several factors, autoimmunity plays an important role in the pathophysiology of myocarditis. As a result of different cardiac injuries (including microbial infection, ischemic and toxic injury), MyHCα can be released and become an antigen for the immune system (25) , causing a complex autoimmune response that leads to cardiac dysfunction and remodeling (26) . Despite the growing number of studies investigating the pathology of autoimmune myocarditis, the therapeutic options are limited, and new possible treatment options are needed (3). The nonpsychoactive CBD, a constituent of Cannabis sativa, has been reported to be antiinflammatory, antioxidant and cytoprotective independently of cannabinoid 1 and 2 receptors (15, 27, 28) .
In the present study, we describe that CBD (a) inhibits T cell-mediated myocardial inflammation and consequent myocardial remodeling/fibrosis and (b) improves myocardial dysfunction in the cardiac myosin-induced experimental autoimmune myocarditis model. Consistent with previous investigations (8, 10, 20, 25) , we found that immunization with the MyHCα 334-352 of mice resulted in severe inflammatory cell infiltration and necrosis on H&E-stained myocardial sections. Autoimmune myocarditis is considered to be a disease primarily driven by T-cell activation induced by cardiac myosin release (29) . Consistent with this assumption, we detected significantly increased mRNA expression levels of CD3e, CD3g, CD4 and CD8a, reflecting the accumulation of the helper and cytotoxic T cells. A complex interplay between T cells and various proinflammatory mediators (for example, TNF-α and IL12 [30] ) leads to a complex immunological response including activation of macrophages (31, 32) and dendritic cells (30) . In agreement stiffness ( Figures 6A, B) . After the induction of autoimmune myocarditis, we observed loss of body weight in our animals ( Figure 6C ). Loss of body weight reached its peak during the acute inflammatory phase, which was mostly recovered by the time of sacrifice ( Figure 6C ).
LVEDP as the sign of diastolic dysfunction and markedly elevated slope of EDPVR as evidence of increased diastolic stiffness (Figures 6A, B) . CBD treatment significantly improved systolic function and LV myocardium contractility and reverted EAM-associated diastolic dysfunction and myocardial cardiomyopathy in EAM (26) . Consistent with these findings, we showed that IL-6 is upregulated in our animals with the plausible upregulation of the complement system. CBD was shown to protect in various diseases associated with inflammation. Rajesh et al. (35) demonstrated that CBD attenuated high glucose-induced monocyte transendothelial migration and adhesion to endothelium and restored endothelial barrier function in vitro (35) . CBD also attenuated and 2 is critical for the induction of experimental autoimmune myocarditis in mice (33) . Eriksson et al. (34) showed that IL-6 is necessary for the development of EAM by using IL-6 -/-mice.
They found that IL-6 is required for the upregulation of the C3 complement factor during the immunization. The research group of Čiháková showed that IL-6 is upregulated both at 14 and 21 d after immunization and that it could be a possible mechanism contributing to the development of dilated with these, we observed significantly increased gene expression of Itgax, EmR f4/80, MCP1 and IL1β markers, suggesting activation, chemotaxis and infiltration of macrophages, monocytes and dendritic cells in the myocardium. Although T-cell activation has a critical role in the development of autoimmune myocarditis, other crucial processes have been identified during the past decades. Kaya et al. (33) showed that the activation of the complement system acting via complement receptors 1 decreased mRNA expression levels of different T-cell markers (namely CD3e, CD3g, CD4 and CD8), likewise markers of macrophage, monocyte and dendritic cell activation (Itgax, EmR f4/80, MCP1 and IL1β). CBD also reduced the elevated IL-6 mRNA levels. It was reported that CBD might inhibit specific immune response (B cells and CD4 + as well as (16, 36) . CBD has also been shown to attenuate inflammatory cell infiltration in models of colitis, hepatitis and neuroinflammation, among others (12) .
In agreement with these previous findings, we observed tremendous inhibition of inflammatory cell infiltration on H&E-stained myocardium sections in the CBD-treated animals reflected by neutrophil infiltration in a hepatic ischemia-reperfusion injury model in vivo and TNF-α secretion by hepatic Kupffer cells in vitro (28) . CBD treatment protected against cisplatin-induced kidney injury in a mouse model, in which the complement system activation plays an important role in mediating inflammation and tissue injury oxidase isoform p47phox associated with the autoimmune inflammation, as well as improved the downregulation of SERCA mRNA. Fibrotic remodeling of the myocardium is a well-known consequence of EAM (8, 10) . Consistent with previous studies, we observed marked fibrotic remodeling in the heart of EAM mice. The activation of profibrotic signaling and subsequent fibrosis was shown to be associated with IL-6 overexpression (43) and overactivation of IL1 signaling (44) and the high risk of autoimmune response (37) . In agreement with this, we propose that CBD treatment may affect both helper and cytotoxic T-cell infiltration, thus preventing EAM-related inflammation.
It is well known that inflammation is associated with excessive oxidative/ nitrative stress. When the macrophages and monocytes become activated, they begin to produce various cytokines and reactive oxygen species (ROS) and reactive nitrogen species (RNS) (38) , which contributes to the detrimental effects of the overactivation of the immune that it has tremendous therapeutic potential in the therapy of myocarditis with different etiologies and various autoimmune disorders. The latter is also supported by beneficial effects of CBD in preventing graft versus host disease after allogeneic hematopoietic cell transplantation in a recent phase II human study (50) , as well as in mice with arthritis (51) . Attenuation of the T cell-mediated injury by CBD also suggests that it may have therapeutic utility in management of organ transplantation/rejection. stress. We found that CBD treatment had a significant antifibrotic effect in EAM, at least in part, by decreasing the profibrotic IL-6 and IL1 signaling and limiting the number of macrophages able to transform into myofibroblasts.
It is a well-known phenomenon that EAM is associated with systolic and diastolic cardiac dysfunction due to the ongoing inflammation, necrosis, cardiac cell death and fibrosis (46, 47) . In agreement with previous results, we found markedly decreased global (systolic and diastolic) cardiac function in our EAM model. The inflammation-driven necrosis, loss of functional myocytes and oxidative/ nitrative stress-induced contractile protein damage can play a crucial role in the development of systolic dysfunction (48, 49) . We observed significant deterioration of the systolic performance derived from classic load-dependent (ejection fraction, cardiac output and dP/dt max ) and load-independent (ESPVR, PRSW) functional parameters. The excessive inflammatory response, coupled with oxidative/ nitrative stress, can play a role by inactivating key proteins participating in diastole (for example, sarco-/ endoplasmic reticulum Ca 2+ pump SERCA) (38) and in promoting fibrotic remodeling. With diastolic dysfunction, we consistently found that the relaxation marker Tau and the slope of EDPVR and LVEDP, indices of diastolic stiffness, were significantly increased in EAM. CBD treatment markedly improved both systolic and diastolic dysfunction in mice with EAM.
CONCLUSION
Collectively, our study demonstrates that CBD treatment markedly attenuates autoimmune myocarditis and improves myocardial dysfunction and heart failure primarily by its antiinflammatory and antifibrotic effects. The proposed mechanisms by which CBD might exert its beneficial cardioprotective effects are summarized on Figure 7 . These results, coupled with the proven safety of CBD in human clinical trials and its current orphan drug approval by the FDA for different neurological disorders, suggest
